Authors have been analyzed the L-shaped folded monopole antenna (LFMA) numerically and experimentally, and the size of the antenna is smaller compared to planar inverted-F antenna (PIFA) which has similar bandwidth. In this study, we investigated multiresonance characteristic of LFMA by using a parasitic element in order to realize wideband operation. As a result, wideband characteristic approximately 26% (|S 11 | ≤ −10 dB) was achieved, which was about double bandwidth before adding the parasitic element (14%). The total antenna volume was maintained due to the configuration of the parasitic element.
Introduction
Recently, miniaturization of a small terminal and diversification led by the increase of applications have been indispensable in communication. Also, research and development on diversity and multiple-input multiple-output (MIMO) antennas have been accelerated because of today's high-speed largecapacity communication. Thus, to deal with these demands for a small terminal, miniaturization and multi-band and/or wideband characteristic of antennas are required so that several systems are able to work in the limited space.
L-shaped Folded Monopole Antenna (LFMA) is reported, and the characteristics of LFMA have been investigated [1, 2] . LFMA can be placed close to the ground plane because it has large radiation impedance due to its folded structure. Thus, low-profile antenna is realized. Moreover, space saving of the antenna can also be possible since the physical volume of LFMA is almost half that of U-shaped Folded Dipole Antenna (UFDA) [3] , and when LFMA is compared to PIFA which has almost the same bandwidth, the physical volume of LFMA can be miniaturized up to approximately 44% of PIFA [2] .
However, because LFMA is characterized by the single resonance, only single-band operation with 14% bandwidth is available. In order to obtain multi-band or wideband operation, multi-resonance of LFMA is highly required. The method of obtaining multi-resonance characteristic of linear antennas is already proposed [4, 5] , and it can be realized by adding a nonfeeding element around a feeding element. However, instead of the multiple resonances, the degradation of the impedance characteristic and the increase of the total antenna volume are raised as new problems.
In this paper, we propose wideband LFMA by using a parasitic element. Multi-resonance characteristic is investigated in detail in order to realize wideband operation. Radiation patterns and current distributions are analyzed for clarification of radiation mechanisms. The antenna volume is not changed throughout the investigations. and (c), LFMA is mounted on the rectangular ground plane of size 45 × 120 mm 2 . The antenna parameters are adjusted so that the antenna resonates around 2 GHz band, and the height of the antennas is 7 mm from the ground plane. This antenna is composed of 5 mm wide strip. Also, the antenna element and the ground plane are made of copper with thicknesses of 0.2 and 0.5 mm, respectively. In figure 1 (c) , the parasitic element with 1 mm width is added to the ground plane separated by 1 mm from the feed strip of LFMA. Thus, the parasitic element is placed just under LFMA so that the total antenna volume is not increased. Here, the height and length of the parasitic element are defined as h and l, respectively. The thickness of the parasitic element is also 0.2 mm. 
Antenna structures

Input impedance characteristics with respect to variables
Figure 2 (a) shows the input impedance characteristics when h is changed from 1 mm to 6 mm. The impedance characteristic of LFMA without parasitic element is also shown in the figure for comparison. In order to obtain the second resonance around 3 GHz, h + l is set to 25 mm, which is λ/4 of 3 GHz, and h + l is fixed even though h is altered. From figure 2 (a), when h is 1 mm and 6 mm, multi-resonance characteristic is not obtained because of the effects of the ground plane and LFMA, respectively. On the other hand, when h is 3 mm, approximately the midpoint between the ground plane and the antenna element, the second resonance appears around 2.8 GHz.
Figure 2 (b) shows the input impedance characteristics when l is varied from 22 mm to 24 mm, while h is fixed to 3 mm. The impedance characteristic of LFMA without parasitic element is also shown in the figure for comparison. From figure 2 (b) , it is found that the second resonant frequency is altered with respect to the value of l, and there is little change in the first resonant frequency, which means l decides the second resonant frequency. When l is 24 mm, the first and the second resonances become close to each other, and the wideband characteristic is obtained. Also, from the value of l, the parasitic element is composed within the size of LFMA. Thus, without changing the first resonant frequency, the second resonant frequency is adjusted by the value l, and wideband characteristic is also obtained when l is 24 mm.
Figure 2 (c) shows the comparison of calculated and measured impedance characteristics when h = 3 mm and l = 24 mm from the previous studies.
Fig. 2. Input impedance characteristics.
The input impedance characteristic of LFMA without the parasitic element is also shown in the figure for comparison. Good agreement is seen between the calculated and measured results. Also, the bandwidth under |S 11 | ≤ −10 dB is 570 MHz (26%), while the bandwidth is 329 MHz (14%) before adding the parasitic element. Thus, the bandwidth of 241 MHz is increased. Therefore, it is confirmed that not only two-resonance characteristic but also wideband characteristic are obtained by adjusting the height and length of the parasitic element. Figure 3 shows the calculated and measured radiation patterns and the calculated average current distributions of LFMA with and without the parasitic element of h = 3 mm and l = 24 mm, which shows the wideband characteristic. In figure 3 , evaluated frequencies are 2.1 GHz, 2.2 GHz and 2.6 GHz, respectively. These frequencies are found as each resonance from figure 2 (c).
Radiation patterns and current distributions
Good agreement is observed between the calculated and measured radiation patterns at each frequency. From figures 3 (a) and (b), it is considered that the radiation from LFMA is dominant at the first resonant frequency since the radiation patterns remain almost unchanged between with and without the parasitic element. However, from the figure 3 (c), the radiation pat- Fig. 3 . Radiation patterns and current distributions.
terns of the second resonant frequency differ from those of the first resonant frequency. Thus, it is thought that the operating element is different at each resonant frequency. In fact, as for the current distributions, major change on LFMA is not observed in figures 3 (a) and (b). However, the average current on the parasitic element is larger at the second resonant frequency in figure 3 (c) . Thus, it can be confirmed that the radiation at the first resonant frequency is from LFMA and the one at the second resonant frequency is from the parasitic element, mostly.
Conclusion
In this paper, considering the antenna volume, we proposed wideband antenna by using a parasitic element for LFMA. The second resonance could be obtained around 2.8 GHz by adjusting the height of the parasitic element. Also, the second resonant frequency could be altered with respect to the length of the parasitic element. As a result, the broadband characteristic of 26% (|S 11 | ≤ −10 dB) was obtained when h and l are 3 mm and 24 mm, respectively, which was about double bandwidth before adding the parasitic element (14%). Furthermore, the total antenna volume was maintained by adding the parasitic element just under LFMA.
